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This final scientific report gives an overview of the work completed
under AFOSR  Contract #F49620-78-C-100 dealing with the ultrasonic
non-destructive testing of composite materials. Briefly summarized are the
results obtained In the first two years of thlis project while the work
completed In the third and final! year of the contract Is described In more
detafl. The project was originally scheduled as a two-year program from
August |, 1978 through July 31, 1980 . However, the original contract was
amended to continue funding for one more year through July 31, 1981, Later, a

no-cost extension to February 28, 1982 was granted.

' The overall objective of this program has been to Investigate
experimentaily and theoretically the dispei sion and attenuation of ultrasonic
waves In various composite materials. The research progran was designed to

, explore the influence of microstructural and material property effects on the
‘ propagation ot elastic waves through a composite material. Var ious
experimental techniques were also +to be evaluated by which ultrasonic wave
dispersion ef fects could be measured to determine whether such measurements
could be utllized as a new ulitrasonic NDT tool for the Inspection of
structures fabricated from composite materials. Answers to these questions
were to be obtalined by carrying out the following six tasks:
1. Uitrasonic wave dispersion measurements were to be conducted in
several uni{-directional and cross-plied laminates ot graphite-epoxy
specimens. '
2. Continuous and pulsed ul trasonic wave measurements were to be carrled
out on graphite-epoxy laminates. Investigation was to be made to
obtain a quantitative characterization of the dissipative behavior and K —~ =~

the separation of the attenuation of ultrasonic waves due to -
dispersion and dissipation.
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3. The quantitative damping behavior of several laminates was to be
measured by phase spectra techniques.

4. Models were to be developed to make predictions of the dlspersion and
dissipation behavior of laminates which were used in the experiments.
Comparison was to be made between the calculatlons and the
exper Imental results.

5. The use ot multiple scattering analyses was to be investigated to
determine the damping resulting from the presence of microstructural
features in laminates.

6. Measurements ot the dispersive and disslpative properties were to be

made on composite specimens to determine the ef fects of mechanical
loadlng and/or environmental exposure conditions.

2.0 PROJECT OVERVIEW

2.1 Work Summary

In work completed under a previous AFOSR contract, |t was shown that the
dispersion relation, k(f), and the frequency-dependent phase and group
veloclties ot ultrasonic waves can be determined with the method of ultrasonic
phase spectroscopy. Details of the technique have been published [1,2], so it
suffices to repeat here only +the essentlals of the +technique. In the
technique, the frequency-dependent wavenumber, k(f), (or a material's
dispersion relation) Is found directly from determination of the Fourler phase
spectrum, ¢ (f), of a broadband ultrasonic pulse which has propagated through

a specimen ot thickness, L . The dispersion relation is

k(f) = [o, - o {(F)J/L + 2nfr /L (1)

In this equation, ¢ (f), Is +the inltial phase constant and T s a

time-delay constant, both constants are determined In a particular testing
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configuration. From the dispersion relation fol low the phase velocity, c(f),

and the group veloclty, v(f)

c(f)

2nf/k () (2)

v (F)

2n(3f/3k) (3)

The experImental work completed in the first two years has utilized thlis
methoa to make measurements on various composite material specimens. The work
completed in the first two years has been described In detail in two Interim
Reports, dated October 1979 and December 1980, respectively. It [s only

briefly summarized here.

The research conducted In the firsi year Included:
1. Ultrasonic dispersion measurements In uni-directional and cross-plled
laminates or graphite/epoxy and boron/epoxy specimens were made.

2. The attenuation and dissipation of ultrasonic waves was measured in
composite materials.

3. An integral relation between the attenuation coefficient and the
dispersion relation (frequency-dependent phase velocity) was developed
for viscoelas’: saves using the Kramers-Kronig relation.

4, The scattering of elastic and viscoelastic waves in a laminated
compos|te specimen was analyzed.

The results obtained in the first year showed that ultrasonic dispersion
measurements could be made In uni-directional as well as cross-plled laminate
specimens of graphlte/epoxy. The wave propagation In the frequency range from
! to 20 Miz was found to be essentially non-dispersive. In a composite
specimen which exhiblts dispersion (such as specific dlrections In specimens

of boron/epoxy), very slight changes In the dispersion became apparent wlth
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thermal treaitments ot the specimen, but the connection between the wultrasonic

measurements and speclfic mlcrostructural changes was not clear.

Varlous techniques for measuring the frequency dependence of ultrasonic
attenuation of ultrasonic longitudinal and shear wave modes were Implemented.
Attenuation measurements were completed In various specimens of graphite/epoxy

and boron/epoxy.

The theory of ultrasonic phase spectroscopy was extended with Hilbert
transforms to permit the determination of the dispersion-related attenuation
of ultfrasonic waves In composite materials. A computer algorithm for
performing such determinations was developed and It was tested with
theoretical waveforms expected for a model viscoelastic material (Voigt

solld).

A statistical multiple scattering theory was developed to analyze the
propagation ot waves normal to a layered structure consisting of elastic and
viscoelastic materials which modelled a laminated composite material. The
results showed that "stop bands"” existed and that it was possible, In
principle, to dellineate between the scattering losses and the viscoelastic
losses In <«uch a materia! by noting the behavior of the frequency-dependence

of the attenuation outside of the stop band.

In the second year the additional research was conducted on the following

toplics:

1. Uitrasonic dispersion and attenuation measurements were completed on
specimens ot unrelnforced epoxy resin and cross-plied graphite/epoxy.




PAGE 5

2. Two new ultrasonic techniques were developed and implemented for
making ultrasonic atftenuation measurements in composite specimens.

3. A critical compar!son was begun of the various techniques for
measur Ing the frequency-dependent attenuation in composite material
specimens.

4. Experiments to determine the detectabil ity of deformation-Induced
microstructural changes In cross-plied graphite/epoxy specimens with
ultrasonic dispersion and attenution measurements were started.

5. The mathematical foundation of the Kramers-Kronig relation and 1ts use
for processing ul trasonic dlispersion data was Investigated.

Thus, In the second year of this project additional wave dispersion and
frequency-dependent ulifrasonic attenuation measurements were completed In
specimens ot graphite/epoxy. There was general agreement between these new
measurements and those made prevlously. For quantitative comparlsons between
the measurements, least-square-fit algorithms were Implemented Into the
ul trasonic stgnal processing sysiem which permitted fitting polynamlal phase
velocity and atfenuation functions to the measured data points. Reproducible

measurements In graphite/epoxy specimens were obtained with one technique.

In addition, two new frequency-dependent attenuation measurement
techniques were Implemented for measurements with composite material
specimens. One is a modifled, swept-frequency, continuous-wave technique In
which the resonance peaks of a specimen are analyzed at varlious amplitude
levels. The other technique utilizes the Kramers-Kronig relation to find the
material attenuation from measurements ot the wave dispersion, or vice versa
with only a single echo requirement. A firm basls for the technique was
developed and measurements with graphite/epoxy specimens were undertaken. The

agreement between the various techniques was 'nvestigated. |t was found that

the attenuation determined via +the Hilbert-transform +technique differs
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signiflcantly from that determined by all the other techniques.

in the third year, additional ulirasonic wave dispersion and attenuation

measurements were completed. Specifically, the folowing work was completed:

1. Uitrasonic measurements of several multi-layer |aminates which were
fabricated ot elastic, viscoelastic or elastic layers in various 1
configurations were completed.

2. Additional ultrasonic measurements were completed In 32-ply speclimens
of 0/90°cross-plied {aminated graphlte/epoxy (A$S3501~5) which were
subjected to mechanical loadings or repeated thermal treatments.

2,2 Participating Personnel

The research personnel who were supported during the first two years have
been listed In the +1wo earlier Interim Reports. ODuring the last eighteen

months ot this contract, the following research personnel were supported:

1. Princlpal Investigatar: W. Sachse (| month)
2. Co-Principal Investigator: Y.H. Pao (1.5 months)
and the following research associates and assistants:

Post-doctoral associates -

3. R. Weaver (5 months)

4, F. Santosa (6 months)
Graduate student assistants--

5. P. Chen (7.5 months)

6. D. Koshonl (2.5 months)

7. P. Hsleh (2.5 months)

8. K. Ko (2 months)

9. T. Wu (5 months)

sl 4 o
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In addition, a temporary part-time research aide and a work-study student

assissted In this research.

3,0 SUMMARY OF IMPLEMENTED EXPERIMENTAL TECHNIQUES

As proposed In the orliginal proposal and as described In the *wo interim
reports ot this project, various ul trasonic techniques were applied to measure
the frequency-dependent ultrasonic attenuation In various composite specimens.

The techniques which were used Included:

1. Continuous-wave, swept-frequency technique
2. Radio-frequency (r.f.) burst technique

3. Broadband pulse analysis technique

4. Retlection coefficient method

5. Hilbert-transform technique

The first four of the aforementioned techniques are conventional
ultrasonic techniques which have been used in various forms by other
Investigators. in the course of this work, the continuous-wave,
swept=-frequency technique (#1 above) was modified to enable it to be used to
make measurements in highly absorbent and thick specimens, or In cases In
which +the specimen resonance peaks cannot be clearly resolved. As mentioned
in Section 2, the Hilbert-transform technique (#5 above) was also developed
and Implemented In the course of the work carried out under this project.
Since reference to the above techniques will be made later, each of them s

briefly summarized here.
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(1) Contlnuous-wave Resonance Jechnique - In thls technique, contlnuous

harmonic waves which are slowly varying In frequency, are launched Into a
speclmen, with the transmitted signals detected with elther the same or
another transducer attached to the specimen. The resonance frequencies of the
specimen are recorded and the damping determined from the hal f-power points on
the resonance peak. As Indicated In Section 2, in the second year of this
contract, an Important modification was deveioped which permitted the
measurements to be made on resonance peaks on which the hal f-power po’ ~ts are
not clearly Identlfiable. In this modification, a formula was deriv which
utiflzes the resonance peak width measured at any power level to dete:r ~e the

damping characteristics ot the specimen,

(2) R.F. Burst Method - In this technique, radio-frequency bursts of various
center frequencies are fransmitted through a speclmen., Measurement of the
logarithmic decay of at least two echoes, V,(t) and V(t), gives the
ultrasonic attenuation of the material at the center frequency, f,, of the

r.f. measurement burst, that is

£f) = 20/L ) vy (1) 4
a(fy oqv_th‘)' (4)

(3) Broadband Pulse-Echo Method ~ This method is a varilation of the above,
with broadband pulses, belng used to make the measurements. Any *wo broadband
echoes, V,;{(t) and Vz(*), are Fourler-transformed 1into the frequency domain
giving V‘(f) and Vé(f) from which the attenuation can be determined as a
function of frequency according to

vy (f)
Vo ()

+(f) = 20/L log
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(4) Reflection Coefficient Method ~ In this technique, a broadband pulse Is

reflected from an Interface between a non~dispersive buffer rod and a
composite material specimen. From analysis of specific  echoes, the
frequency-dependent interface reflection coefficlient and attenuation
coefficlent Is found for the specimen. Unfortunately, this technique appears

to be very sensitive to the nature of the buffer-specimen interface.

(5) Hilbert-transform JTechnjque - The Kramers-Kronlg relations state that for
electromagnetic waves propagating through a dlelectric, the attenuation
coefficlent Is related to the phase velocity of the wave by an integral
tnvolving the latter over all frequencies, and vice versa, thus corresponding
to the Hilbert transform relationship between phase veloci+y and attenuation,
Under thls contract, a similar relation was developed for ulirasonic waves
propagating through a viscoelastic or a composite material. The processing of

only one echo ylelds the attenuation In this approach.

4.0 SUMMARY OF WORK COMPLETED IN THE LAST YEAR

In the last year of this contract, a critical comparison between the
results obtalned using various dispersion and attenuation measurement
technlques was completed. As In our earlier work, oure epoxy specimens as
well as graphlite/epoxy specimens were measured. All measurements were
repeated several times to clearty establish the variation between the
measurements made on one specimen at elther one {ocation or at several
locations in one specimen and the results obtained between the various

measur ement techniques.
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In the foilowing, the mean of the measured phase velocity or attenuation
is plotted together with elther the standard deviatlon curves or the
di ffraction-corrected curve in the frequency range from 0 to 10 Mz, For the
velocity measurements, It was found that the coefficients of variation,
o, , vary by no more than one percent, and for attenuation measurements,
the coefficlents of variation, o, , are within flve percent. This
Indicates the reproducibil ity with which each set of measurements can be made.
In the following, the results of measurements conducted on pure epoxy

specimens, glass-laminated specimens, and 32-ply graphite/epoxy specimens will

be described in detail.

4.1 Pure Epoxy Specimens
The results of ultrasonic measurements made on specimens of pure epoxy

whose thickness was 0.5 cm to determine their frequency-dependent phase

velocity and attenuation Is described in this section.

(a) Phase velocity = An example of an Input signal and the signal transmitted

through the specimen are shown in Figures 1(a) and (b) respectively. The
dispersion and phase veloclty curves obtained via Eqs. 1 and 2 are shown In
Figures 1(c) and (d), respectively. The measured phase veloclity Is general ly
higher than It should be at lower frequencies because of wave dlffraction

ef fects. Therefore, these were removed using the diffraction correction data

of Benson, et al [3].
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The dotted Iine In the phase velocity figure Is the dliffraction~corrected
phase velocity. The standard deviation of phase veloclity relative to the mean
of each measuring set Is shown In Flgure 1(d). The phase velocity shows
littie dispersion for pure epoxy specimens Iin the frequency range from 0 to

10 Mz,

(b) Attenuation - A plicture of narrow-band r.f. burst echoes propagating in a
pure epoxy specimens is shown In Figure 2. The attenuation derived from these
signals via Eq. 5 Is also shown in Figure 2. |In the figure, the solid Iine is
the least~square fitted parabolic curve whlile the dashed llne 1Is +the
dl ffraction-corrected curve. The effect of the diffraction Is to glve a

higher apparent attenuation.

The echoes obtained In a one-transducer, pulse/echo test with a hal f-inch
diameter broadband ‘transducer and the Fourier amplitude spectra are shown in
Figures 3(a)-(c). The attenuation curve with its standard deviation curves
are shown 1In Figure 3(d). The diffraction-corrected curve 1Is showh In
Figure 3(e). The results obtained In a plfch~catch or through-transmission
measurement with quarter-inch dlameter iransducers are shown in Figure 4(a).
Also shown In Figures 4 (a)-(c) are the respective Fourier amplitude spectra.
The attenuation curve and Its standard deviation curves are shown In
Figure 4(d). Figure 4(e) shows the attenuvation curve and the

di f fraction-corrected curve.

Application of the buffer rod method (using a 1/4 1Inch (0.635 cm)
dlameter transducer) vylelds the echos denoted as A, B, and C, and their

Fourier amplitude spectra as shown in Figures S(a)={(d). The reflection




Figure 2.
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coefficient curve and 1its standard deviation curves are plotted in
Figure 5(e). The reflection coefficlent with and without dlffraction
correction are shown 1In Figure 5(f). This shows that the reflection
coefflcient Is nearly unaffected by wave diffraction effects. The attenuation
curve and Its standard deviatlon curves are shown In Figure 5(g). The

attenuation with and without diffraction corrections are shown In Figure 5(h).

An example of the results obtalned with the  continuous-wave,
swept-frequency method 1is shown in Figures 6(a)-(e), The excitation signal,
the received signal after propagating through the specimen and the deconvolved
power resonance curve, effectively removing the ef fects of the transducer ad
electronics, are shown In Figures 6(a)-(c). The attenuation and Its standard
deviation curves are shown In Figure 6(d). The standard deviation Is much
higher than that ot the data taken by the broadband pulse/echo method. The

attenuation and its diffraction corrected curve are Iin Figure 6(e).

The results obtained by each of +the methods above show that the
attenuation In un-reinforced epoxy specimens, Increases with frequency. The
diffraction-corrected, frequency-dependent attenuation obtained with each
methoad Is shown In Figure 7. These results show that the lowest attenuation
Is obtrained with the buffer rod method. This result Is in agreement with the
work of Papadakis [4], and It appears to be the result of minimizing and
accounting for transducer coupling losses. The attenuation measured with the
continuous-wave technique 1Is the highest, It 1s suspected that this results
from the excitation of adjacent resonance peaks and, unfortunately, this
effect Is difficult to remove from the resonance data. The deviations between

the results obtained via various attenuation measurement techniques increase
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with increasing frequency. The reason for thls was not establlshed.

The attenuation obtalned by the Hllbert-transformed dlspersion data, with
and without diffraction corrections, Is shown In Figure 8. These results are
typical and they show that the inciusion of diffraction corrections results in
an even higher computed attenuation. At lower frequencies, the diffraction
correction decreases the measured phase veloclty values and the curvature of
the diffraction-corrected phase velocity consequently Increases. Thls results
In a greater dispersion and this contributes, In turn, to a hligher-valued

attenuation curve.

4.2 Glass Laminated Specimens

The propagation of ultrasonic waves through multi-layer laminates
fabricated of layers of glass and epoxy was Investigated wlith the
continuous-wave, swept-frequency technique. Microscope cover slides 1.2 mm
thick were used to fabricate the laminates. The wavespeed of longitudinal
waves In these pieces were measured to be 0.57 cm/psec. From a wavelength
analysis, It [s found that the frequency interval A f between "stop bands"
should equal Af=sc/2L or approximately 2.4 MHiz for an Infinite periodic
structure fabricated of glass plates. The transmission coefficlent Is taken
to be the amplitude ratio of signal transmitted through the laminate specimen
and the Input signal. The latter Is cbtained by putting source and receiving
transducers in Iintimate contact. The logarithm of the transmission
coefficients for specimens consisting of 1, 4, 6, 8 and 10 layers, measured in
the frequency range from 0 to 10 MHz Is shown 1In Figure 9. These curves

demonstrate that the stop bands remain constant in number, but deepen as

fon e PRI P
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layers are added, produclng frequency bands having increasingly high acoustic
attenuation. The shallow, tightly spaced minima seen In these figures
correspond to roughly the thickness resonance of the entire specimen. The
numerical and experlimental results obtained by Scott [5] are very simitar to

these experimental results.

4,3 32-ply Graphite/Epoxy Specimens: Thermal Cyclling Effects

Ulttrasonic measurements were competed on specimens of 32-ply
graphite/epoxy which were thermally cycled. As In the previous work, the
graphite/epoxy specimens were typlically 0.175 In (0.445 cm) thick which
restricted the ultrasonic measurements that could be made to a direction
normal to the ply-layers. This coincides with the UT fleld inspection
configuration. The imposed thermal treatment ranged from cooling by immersion
In 1iquid nitrogen at -320°F (-196“C) to heating in bolling water at 212°F
(100°C). After a number of repeated thermal heating/cooling cycles, the
specimens were permitted to equl!lbrate to room temperature where the

ultrasonic measuremnents were made.

The varlious ulirasonic techniques were applied to measure the phase
velocity and attenuation as a function of frequency with thermal cycle number
as a parameter. The diffraction loss and phase correctlon curves for
isotropic materlals were used as a first order approximation for correcting

the measurements.

(1) Phase velocity ~ A typical Input signal and the signal propagating through
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a graphlte-epoxy specimen are shown In Figures 10(a) and (b), respectively.
The phase veloclty curve obtained via Eq. 2 and Its diffraction-corrected
curve are shown In Flgure 10(c). The dlfference between the phase velocity
measured [nitially and that measured after 17 and 67 thermal cycles are shown
Iin Figures 10(d). It Is clear from this, that the frequency-dependent phase
velocity Is almost unchanged with thls number of thermal cyclings. There was
measured, however, @a clear decrease In phase velocity relative to its value
prior to thermal cycling. This effect Is, however, small in comparison with
the measured phase velocity variation among all the specimens prior to any

thermal cycling, which Is three t:mes greater!

(2) Attenuation - The ultrasonic measurements were first used to finvestigate
the "stop band"” phenomenon. The measurements were made with broadband
ultrasonic pulses. As before, the fransmission coefficient was computed by
dividing the Fourier amplitude spectra of the signals transmitted through the
specimen by the spectrum of the f{nput signal . The logarithm of the
transmission coefficlent for a 32~ply laminate of graphite-epoxy is shown in
Figure 11. The first "stop band" Is expected at about 11 Mz, The
exper imental results shown in Figure 11 exhibit a much higher attenuation at

frequencies near 11 Miz which may be the result of the "stop band" phenamenon.

Based on the measurements on pure epoxy, because of the |least transducer
coupling losses, the attenuation measured from the buffer rod method was
expected to yield the best results. |t was found that this method is however
difficult to apply to the graphite/epoxy specimens. The source of this
difficulty lies in the rough specimen surface which results In excess

scattering ot the sound wave at the glass-specimen interface. For this




[ PAGE 34

.18
3
-
w
(&)
Zoes I\WA — U — ———t
— V 8.5 1.8 1.8 2.8
o
= (a)
|

TIME (ueec)

Flgure 10, Signals of 32-ply graphite/epoxy specimens for phase
veloclty measurement: (a) excltation signal.

2.00 T
‘ .
!
[}
i - 1
| . i
l .
\ 0.09 " + v WU B PC N
b 8.5 1.8 M s 2.8
[o =4
= (b)
pu |
o
o
2. L

TIME (uaec)

Figure 10. (b) delayed signal through the spacimen,

S et S T

Simam . gt ach ahlee suadion



(CH/USEC) =18 "

C-PHASE

PAGE 35

-

2.58 "/ ‘;;-Diffraction

, Corrected Curve

+

6.18 Lo—w——o—-t—o—b—o—~—o—4—o—~—¢—o—+~—o—o—o—o—w—o—v—v-4—o—4—o—o
.0 2.8 S.0 1.5

1.0 12.5 15.8
FREQUENCY (MHa)

(c)

(c) phase velocity and [ts dlffraction corrected curve.

10.08
=
*
s.98
)
(V%]
7
=
~
x=
w
8.0 e e e T U NN
.. 2.5 5.8 7.8 18.8 12.5 15.8
FREQUENCY (MH2)
Flgure

10, (d) the difference of phase veloclty measured before and
after thermal cyclings.




PAGE 36

-2.58 L

LOGIR (T (H))

) -5.88 l

FREGQUENCY (MHz)

Figure {L Stop band phenamenon of 32-ply graphlte/epoxy speclimen.




PAGE 37

reason, the buffer rod method was abandoned.

from measurements with narrow-band r.f. burst signals, it was found that
the echos were distorted by superimposed, low frequency signals. This made
the measurement of the time domain amplltudes of +the echos Inaccurate and

frreproduclbie,

In the following, the results of the measuraments obtalned using the
broadband pulse and continuous-wave techniques will be summarized. The
one-transducer (1/4 inch diameter) echos and thelr Fourier amplitude spectra
are shown 1Iin Figures 12(a)-(c). The shallow, tightly spaced resonances
appearing on the amplltude spectra curves correspond to the thickness
resonances ot the speclmen. The attenuation measured before and after the
thermal cycl!ings 1|is graphed with their standard deviation curves in
Figures 12(d)-(f). A typical attenuation curve and Its diffraction-corrected
curve are shown in Figure 12(g). The diffraction-corrected attenuation curves
measured before and after thermal cyclings are plotted together for comparison
In Figure 12(h). A simllar series of the attenuation curves measured with the
through-transmission technique and the continuous-wave method, using the same
transducer as above, are shown In Figures 13(a)~(g) and 14(a)-(g). The
Hilbert transform technique was also Implemented to calculate the attenuation.
The attenuation with and without diffraction-correction prior +o thermal
cycling is shown 1In Figure 15(a). The higher attenuation curve is obtained
from the diffraction-corrected dispersion curve. The diffraction~corrected,
Hilbert-transformed attenuation curves before and after thermal cyclings are
plotted In Figure 15(b). The effect of thermal cycling temperature fimits s

undetermined in these tests and requires additional work.,

tbialen o0 it i B
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All the attenuation data prior to thermal cycling the specimen, except
for that determined by the Hilbert transform technique, Is plotted together in
Figure 16. These curves show that the differences among the attenuation data
obtained by the various techniques are of the same order as the change of
attenuation after thermal cycling. Furthermore, the varlation of attenuation
measured by the same transducer on the same specimen but at different times

cver a pertod of six months, exhibits a similar variation.

After thermal cycling the composite specimens, microcracks could be seen
even at low magnifications on the surfaces of the specimens along the fibers,
across the entire specimen width. A micrograph of such a specimen Is shown In
Figure 17. In one serles of measurements, after 17 thermal cyclings, there

were eight microcracks (0.44 cracks/cm2) on one side of the specimen and ten

(0.56 cracks/cm2) on the other side. After 67 cycles, the crack number on
each side increased to ten (0.56 cracks/cm2) and sixteen (0.9 cracks/cm?),
respectively. The incremert of attenuation might be related to the

microcracks generated not only on the surface of the specimens but also In

their Interior.
\ ‘ These results again demonstrate that In cases where the wavelength of the
ultrasonic waves used to make the inspection Is more than twlice the thlickness

dimension of a layer, the influence of the cracks to both the phase velocity

and attenuation Is very small.

4.4 Detormation Effects In Graphite/Epoxy Specimens

The through-transmission technique was used with 0.5 Inch (1.27 cm)
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diameter +transducers to measure the attenuatlion. A comparison of the
attenuation was made on the specimen prior to Its loading In a uniaxial
tension test to fallure. The attenuation curves are shown In Figure 18, As
shown In Tthe test, the attenuation of ultrasonic waves In composite specimen
remains relatively constant with |ocad to near faifure. Furthermore, as these
curves show, the frequency-dependence of the attenuation of the unlocaded
specimen s very simifar to that of a specimen under 3.0 kips load, that s,
the attenuation shows only a siight Increase with frequency between 1
and 10 MHz. The specimens were notched and typically began to fall In the
notched region at 3.1 kips (22.8 ksl) and after failure, the load dropped to
2.5 kip (18.4 ksi). The long wavelength (two times +the thickness of one
layer) makes these measurements Insensitive fto the microstructural changes
which are occurring on the ply-layer dimensional scale. This Is In agreement
with eariier measurements by Hsu and Tauchert in other composite

specimens [6].

4.5 Conclustons

Several conclusions can be drawn from the work completed under this
contract. From the analyses of waves through elastic and viscoelastic
laminates, "stop bands" are expected in the dispersion curves and In the
frequency-dependent attenuation curves. The attenuation curves show a marked
increase In the "stop band". Furthermore, the analyses show that for
laminates possessing slight Irreguiarities in their spacing or in cases when
some ot the layers are viscoelastic, the boundaries of the "stop bands" become
smoothed in the frequency domain. The experimental results obtalned on

glass/epoxy laminates exhiblt the "stop band" phenomenon, but a critical
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Investigation of the all the predictions of the theory was not possible

because ot specimen fabrication |imitations.

The experimental techniques which were used In this work permit the
accurate determination of the frequency-dependent dispersion retation, phase
and group velocities and attenuation In a broad variety of composite and
viscoelastic materials. A new, and Initlally very promising attenuation
measurement technique, based on the Kramers-Kronig relations was developed
theoreticatly and Iimplemented In an ultrasonic measurement system. However,
the attenuation measurements are oniy reproducible if they are made at one
specific specimen location with one measurement technique. The measured
dispersion effects in graphite/epoxy specimens in the frequency range between
1 and 10 MHz (extending possibly to 30 MHz) are slight. Ultrasonic phase
veloclty measurements appear to be insensitive +to small changes In the
microstructure of the composite specimens which accompany cyclic thermal
treatments or mechanical locadings. The effects of such treatments only appear
as small changes In the frequency-dependent attenuation. Unfortunately, as
shown by the exhaustive measurements carried out under this project, the
measured attenuation value (at one frequency or as a function of frequency) is
dependent on the measurement technique used to determine it and It exhibits a
variation which is far greater than the attenuation changes resulting from the
mechanical or thermal treatments imposed on a specimen which result In clearly

identifyable microstructural damage.

Based on our and other Investigators'! theoretical work, investigating the
propagation of ultrasonic waves through a medium with a periodic structure,

changes in the dlspersion and frequency-dependent ultrasonic characteristics
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of a composlte are expected, when microstructural changes are occurring either
In the matrix or fibers, or in the Interface between these fwo components.
The experimental aspect of this work has amply shown that at least In the
frequency range normafly used [n ultfrasonic Inspection techniques, these
microstructural changes do not apprecliably affect the ultrasonic properties in
an amount greater than the variation obtained among the various measurement

techniques.
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